Background: The function of the anteromedial (AM) and posterolateral (PL) bundles of the anterior cruciate ligament (ACL) during gait has not been reported.
Numerous studies have investigated the ACL biomechanics under various loading conditions. 1, 17, 18, 28, 40 Early in vitro studies using cadaveric knees have found that the anteromedial (AM) bundle of the ACL functions more in high flexion angles while the posterolateral (PL) bundle is stressed more at low flexion angles during passive knee flexion or under an anterior tibial load. 1, 17, 18, 40 However, under simulated muscle loads, the ACL was found to function mainly at low flexion angles. 30, 43, 46 The ACL deformation during in vivo joint motion, either using surface strain measurements 4, 5, 12, 14, 15 or apparent elongation patterns of the ACL bundles, 21, 26 was found to be higher at low flexion angles.
Most previous studies examined the ACL function during flexion-extension motion of the knee. 1, 17, 18, 21, 30, 31, 34, 37, 40 However, little is known about the ACL function during other functional activities. 9, 12, 13 No data have been reported on the ACL function during gait. Because gait is the most common daily activity of the knee, this knowledge is critical for designing ACL reconstruction techniques and postoperative rehabilitation regimens.
Recently, we used a combined dual fluoroscopic imaging system and MR technique to measure dynamic knee joint motion during gait on a treadmill. 25, 27, 29 In this study, we constructed the attachment areas of the ACL on the femoral and tibial bony surfaces of the subjects recruited from a previous study 25 and investigated the relative bundle elongation and the orientations of AM and PL bundles of the ACL during the stance phase of gait. Specifically, we examined the correlation between the ACL bundle elongation and the knee kinematics in 6 degrees of freedom. 25 We hypothesized that during the stance phase of treadmill gait, the AM and PL bundles have distinct functional behavior.
MATERIAL AND METHODS

Six Degree of Freedom Knee Kinematics During Gait
Eight subjects (6 men and 2 women) with no history of knee injury, surgery, or systemic disease were recruited in a previous study under the institutional review board guidance. 25 Each patient signed an institutional review board-approved consent form. One knee of each subject (3 right and 5 left) was scanned in extension using a 3-Tesla scanner (MAGNETOM Trio, Siemens, Erlangen, Germany) and a double-echo water excitation sequence. The MR images were placed in parallel planes separated by 1 mm in modeling software (Rhinoceros, Robert McNeel & Associates, Seattle, Washington), and the contours of the femur and tibia were manually digitized to construct the 3-dimensional (3D) computer models of the knee. 21 Next, the dual fluoroscopic imaging system, previously validated for treadmill gait analysis, 27, 29 was used to determine knee kinematics during the stance phase of gait. 25 The subject practiced the gait on the treadmill for 1 minute at a treadmill speed of 1.5 miles per hour (0.67 m/s). Two thin pressure sensors (Force Sensor Resistor, Interlink Electronics Specifications, Camarillo, California) were fixed to the bottom of each shoe to determine the moment between heel strike and toe-off of the stance phase during gait. The knee was imaged during 3 consecutive strides at a frame rate of 30 Hz. The stance phase was analyzed in 4 portions: loading response, 0% to 15%; midstance phase, 15% to 55%; terminal extension, 55% to 85%; and preswing phase, 85% to 100%.
After testing, the fluoroscopic images were imported into the modeling software and placed in a way so as to reproduce the geometry of the fluoroscopes during testing. The 3D MRI-based bone models of the knee were imported into the software and manipulated in 6 degrees of freedom until the projections of each model matched the outline of the knee on each fluoroscopic image, reproducing the position of the knee during gait. This process was repeated at each 10% progress of the stance phase from heel strike to toe-off. 25 
Determination of ACL Kinematics
The femoral origin and tibial insertion site of the ACL were created using MR images of the knee in both sagittal and coronal planes ( Figure 1 ). The method for construction of ACL attachments on the femur and tibia has been extensively used and validated in previous studies. 11, 24, 26, 42 The attachment areas were then divided into 2 functional bundles using an established protocol. 19, 21, 26 Figure 2 shows a 3D anatomical model of the knee including ACL attachment areas.
We measured the length and orientation of each bundle to investigate the kinematics of the ACL throughout the stance phase of gait. Length was defined as the distance from the centroid of the femoral attachment to the centroid of the tibial attachment of each bundle at each time point of the stance phase. The lengths of the 2 bundles measured at the position during MRI scan were used as reference lengths to calculate the relative elongation of AM and PL bundles during gait. The length of each bundle normalized by its reference length was defined as the relative elongation. The orientation of each bundle was described using 3 angles: sagittal plane elevation, coronal plane elevation, and transverse plane deviation ( Figure 3 ). The sagittal plane elevation angle (a) was defined as the angle between each bundle projected onto the sagittal plane of the tibia and the anteroposterior (AP) axis. 21 The coronal plane elevation angle (b) was defined as the angle between the bundles projected onto the coronal plane of the tibia and the mediolateral axis of the coordinate system. 37 The deviation angle (u) was defined as the angle between the projection of each bundle on the tibial plateau and the AP axis. 21 A 2-way repeated-measures analysis of variance was used to compare the function between the AM and PL bundles and to detect whether each phase of the gait cycle had a statistically significant effect on the relative elongation, sagittal plane elevation, coronal plane elevation, and transverse plane deviation. The Student-Newman-Keuls test was used to detect the differences between means when significant differences were detected. Differences were considered statistically significant when P \ .05. The relationship between the relative elongations (outcomes) of AM and PL bundles and the predictor variables (anterior-posterior and medial-lateral femoral translations and flexion-extension, internal-external and varus-valgus femoral rotations) were evaluated by a multiple regression analysis. The kinematics used in this analysis have been reported in a previous publication that investigated the tibiofemoral kinematics of the normal knee during the stance phase of treadmill gait. 25 
RESULTS
Relative Elongation of ACL Bundles
At heel strike, the AM bundle had a relative elongation of 9% 6 7% ( Figure 4 ). That decreased to 3% 6 7% at 20% of the stance phase. Thereafter, the elongation increased gradually and reached the second peak of 12% 6 7% at 50% of the stance. The relative elongation between 40% and 60% of the stance was relatively constant (P . .05). Thereafter, the elongation decreased and the lowest elongation of 216% 6 8% was at toe-off.
The trend of the relative elongation for the PL bundle followed the same pattern as the AM bundle ( Figure 4 ). The first peak of the elongation of the PL bundle was 9% 6 13% at heel strike. The second peak of 13% 6 15% was found at late midstance. The lowest elongation of 228% 6 14% was at toe-off. No significant difference was also found between 40% and 60% of stance (P . .05).
Correlation Between the Relative Elongation of the ACL Bundles and the Knee Kinematics
Anteromedial Bundle. The regression analysis was performed by an entry method that resulted in a significant model. The included predictors explained 63.3% of the variance in the relative elongation of the AM bundle during the stance phase of gait (R 2 5 .633, P \ .0001). Flexionextension was the strongest predictor of the relative elongation of the AM bundle. The model demonstrated a negative correlation between knee flexion and relative elongation of the AM bundle; that is, as the knee flexed, the length of the AM bundle decreased and vice versa (Figure 5) . A 58.0% variance in the relative elongation of the AM bundle was account for by flexion-extension alone (R 2 5 .580, P \ .0001). A significant change in the value of R 2 was observed when additional predictor variables (anterior-posterior and medial-lateral femoral translations and internal-external and varus-valgus femoral rotations) were added to the model (D R 2 5 .053, P \ .025). The predictor variables that significantly contributed to the model were anterior-posterior translation and internalexternal rotations (Table 1 ). Posterolateral Bundle. Similar to the AM bundle multiple regression analysis, an entry method was used in the multiple regression analysis to evaluate the relationship between the relative elongation of the PL bundle and the kinematic variables. The included predictors accounted for 51.2% of the variance in the relative elongation of the PL bundle during the stance phase of gait (R 2 5 .512, P \ .0001). However, similar to the relative elongation of the AM bundle, the strongest predictor of the relative elongation of the PL bundle was again flexion-extension of the knee ( Figure 6 ). Flexion-extension during the stance phase alone explained 46.6% of the variance in the relative elongation of the PL bundle (R 2 5 .466, P \ .0001). Addition of the predictor variables (anteriorposterior and medial-lateral femoral translations and internal-external and varus-valgus femoral rotations) did not significantly change the R 2 of the model that had flexion-extension as the only predictor (D R 2 5 .046, P \ .109). Predictor variables with significant contributions to the model along with their beta values are reported in Table 2 .
Orientation of ACL Bundles
Sagittal Plane Elevation. The PL bundle was more oblique in the sagittal plane elevation than the AM bundle throughout the stance phase of gait (P \ .05) ( Figure  7A ). At heel strike, the AM and PL bundles reached the maximal elevation (47.3°6 3.5°and 44.3°6 3.5°, respectively). The elevations of both bundles decreased until 20% progress of the stance phase (45.7°6 4.0°and 42.1°6 4.1°, respectively). The elevation had no significant changes for each bundle between 20% and 70% progress of the stance. Thereafter, the sagittal plane elevations of the AM and PL bundles reached minimum at 90% progress of the stance (42.0°6 3.9°and 38.2°6 4.2°, respectively) and increased again until toe-off. Figure 3 . The orientation of each bundle was described using 3 angles: sagittal plane elevation, coronal plane elevation, and transverse plane deviation. The sagittal plane elevation angle (a) was defined as the angle between each bundle projected onto the sagittal plane of the tibia and the anteroposterior axis. The coronal plane elevation angle (b) was defined as the angle between the bundles projected onto the coronal plane of the tibia and the mediolateral axis of the coordinate system. The deviation angle (u) was defined as the angle between the projection of each bundle on the tibial plateau and the AP axis.
Coronal Plane Elevation. The coronal plane elevation of the PL bundle showed a similar trend as the AM bundle. The obliquity in the AM bundle was less than that of the PL bundle during the stance phase (P \ .05) ( Figure 7B) . The AM and PL bundle reached the first peak of the coronal plane elevation (66.6°6 4.7°and 60.0°6 4.2°, respectively) at heel strike, and then significantly decreased until 20% of the stance (63.7°6 4.7°and 56.0°6 4.5°, respectively). Afterward, the coronal elevation began to increase until late terminal extension. The maximal coronal elevations were at 80% progress of the stance phase (69.5°6 5.3°and 62.7°6 5.4°, for AM and PL bundles, respectively) and there was no significant difference for each bundle between 60% and 80% progress of stance. Thereafter, the coronal plane elevation decreased until toe-off.
Transverse Plane Deviation. The pattern of the PL bundle in transverse plane deviation also followed that of the AM bundle, whereas the PL bundle deviated more laterally than the AM bundle (P \ .05) through the stance phase of gait and shown in Figure 7C . At heel strike, the AM and PL bundles deviated laterally and peaked by 27.2°6 7.6°a nd 31.6°6 7.2°, respectively, at 20% progress of the stance. Thereafter, the deviation decreased significantly until the 80% of the stance (20.4°6 7.8°for AM bundle vs 23.9°6 8.0°for PL bundle, respectively). It increased again toward toe-off.
DISCUSSION
This study investigated the kinematics of the 2 bundles of the ACL during the stance phase of gait. The data showed that the AM and PL bundles functioned in a similar manner and had peak elongation at 0% and 50% of the stance phase where the knee motion on the sagittal plane was found to be at full extension and hyperextension. 25 The relative elongation of the 2 bundles was significantly correlated with knee flexion. The sagittal and coronal elevation decreased with increasing flexion, whereas the transverse plane deviation increased with flexion. The in vivo kinematics of the ACL bundles during walking demonstrate unique characteristics and are different from those measured during weightbearing knee flexion. 21 Jordan et al 21 used the dual fluoroscopic imaging system technique to measure the in vivo kinematics of the 2 bundles during the full range of weightbearing flexion (from 0°to 135°of flexion) and demonstrated that the AM bundle does not significantly change its length between 0°and 60°of flexion, whereas the length of PL bundle decreased with increasing flexion. Recently, several in vitro studies using either dial caliper or navigation system also showed similar results and indicated that the strain of the AM bundle was relatively constant but that of the PL bundle decreased with increasing flexion during passive flexion-extension motion tested. 21, 34, 37, 38 In the present study, the relative elongation of the 2 bundles during the stance phase decreased similarly with increasing flexion. However, we did not find the relative constant elongation pattern of the AM bundle with flexion throughout the stance phase, which is different from what was found during single-legged lunge by Jordan et al. 21 This again indicated that the ACL function is activity-dependent or loading-dependent.
Our multiple regression analysis demonstrated a negative correlation between the relative elongation of both the bundles and knee flexion. Furthermore, it was found that knee flexion-extension was the most significant predictor of the relative elongation. Several studies have examined the in vivo strain behavior of the ACL during various activities such as active range of motion, passive range of motion, and squatting. 3, 5, 6 These studies have reported a maximum ACL strain (2.8% to 3.8%) close to extension (5°to 10°) and found ACL strain to decrease with knee flexion during active range of motion. However, measurement of ACL strain at knee extension less than 5°to 10°was not feasible in these studies because of the potential impingement of strain transducers against the femoral intercondylar notch. Although we could not directly compare the ACL strain values between these studies because of the variations in the activities, we found a similar trend of increased ACL strain with knee extension and decreased strain with knee flexion. However, the transition from strained ACL to unstrained ACL occurred between 80% and 90% of stance phase where the knee flexion was 4.1°6 1.6°and 21.9°6 3.1°, respectively. On the contrary, this transition is reported to occur between a mean flexion angle from 35°t o 48°during active range of motion. 3, 5, 6 Although there is no clear explanation on the discrepancy between these studies, it could be partly explained by the differences in the activities used to measure ACL strain among the studies.
It is of note that at 50% of the stance, both bundles were maximally elongated, 12% for the AM bundle and 13% for the PL bundle. At this stage of the stance phase, the knee was in a slightly hyperextended position (average, 3.5°) and the leg was under full body weight, coupled with maximal anterior tibial translation (average, 4.0 mm), valgus rotation (average, 3.0°), and minimal internal rotation (average, 0.3°). 25 Markolf et al 33 showed that ACL tensile forces reach the peak as the knee approaches hyperextension. The relative elongation for each bundle between 40% and 60% progress of the stance also showed no significant differences (P . .05). These data implied that the ACL bundles were maximally loaded and elongated throughout the midstance, which differs with that reported by Shelbourne et al. 41 They pointed out that the ACL was maximally loaded at the contralateral toe-off using multibody mathematical modeling. The previous biomechanical studies have shown that the AM and PL bundles have reciprocal functions in providing stability of the knee. 17, 18, 40 The reciprocal function between the 2 bundles has been a rationale for tensioning strategies of grafts in double-bundle ACL reconstructions. 10, 45 However, some recent studies could not confirm the reciprocal function between the AM and PL bundles. 21, 35, 43 Jordan et al 21 found that the AM and PL bundles of ACL played a more important role in low flexion angles, with the 2 bundles reaching maximum length near extension and reducing length with flexion during weightbearing knee flexion. They concluded that the 2 bundles function in a complementary rather than reciprocal manner. Markolf et al 35 implied that the AM bundle under different loading conditions was still loaded in a near-normal fashion after cutting the PL bundle. More recently, a biomechanical study using a robotic testing system to measure the in situ forces of the AM and PL bundles under various external loads indicated that the AM bundle carried the majority of the load at all flexion angles, whereas the PL bundle shared the load only at low flexion angles. 43 Under simulated muscle loads, both bundles carried similar loads at all flexion angles. 43 In the present study, no inversely proportional relative elongations between the 2 bundles were observed during gait. Therefore, these studies supported that both bundles supplement each other rather than function independently or reciprocally.
Our data on the ACL bundle orientations showed that the 2 bundles were not parallel throughout the stance of gait. The AM bundle was less oblique in the sagittal and coronal planes than the PL bundle throughout the stance phase (P \ .05), while the PL bundle had significantly more lateral deviation than the AM bundle (P \ .05). With increasing knee flexion, the sagittal plane and coronal plane elevation of the 2 bundles decreased, whereas the deviation angle increased. From a biomechanical point of view, the more oblique line of action of the ACL bundles would make them behave more efficiently in resisting translation or rotational loading. A different trend in transverse plane deviation was observed in our study compared with a previous in vivo study during single-legged lunge. 21 In that study, the deviation angle of the AM bundle decreased with increasing flexion less than 90°, whereas for the PL bundle it decreased only at low flexion angles (0°to 30°). 21 This difference may be due to lateral pivoting of the knee joint during normal walking 23, 25 compared with the medial pivoting during nonambulatory activities. 8, 16, 20 Several studies measured strains of the ACL bundles or grafts by measuring the distances between 2 insertion points on the bony surfaces. 21, 26, 37, 44 These studies indicated that the 2 bundles of the ACL should be fixed at or near full extension in ACL reconstruction because the bundle lengths were longest at low flexion angles. Our data on the ACL bundle elongation during gait also indicated that the elongation of both bundles increased with extension and implied that the 2 bundles should be fixed at full extension to prevent overtensioning of the grafts. 2, 22, 36 Nevertheless, the tensioning protocol for double-bundle grafts under full extension still needs to be further investigated to reproduce the synergistic function of the 2 bundles.
The present study may also provide implications for ACL patients on the regimen for postoperative rehabilitation. Although the previous studies reported that no significant difference was found between nonaccelerated and accelerated postoperation rehabilitation programs, 7, 32, 39 it is still important to pay attention to avoid hyperextended knee motion during gait without crutches, so as to avoid overstretching of the ACL grafts. The flexion motion of the knee during gait should be allowed postoperatively because the elongation of the AM and PL bundle grafts would not increase with increasing flexion. 21, 26, 44 Several technical limitations of this study should be noted. We measured the 2-point distance between the femoral and tibial insertions of each bundle throughout the stance phase of gait. Because the zero-strain reference lengths of the actual AM and PL bundles were not known, measuring the length on resting MRI position as the reference was used. Thus, the actual strain of the bundles could not be directly obtained. Further, only treadmill gait was studied. Other physiological loading conditions such as running or landing condition should be further researched.
In summary, this study investigated the in vivo kinematics of the ACL bundles during gait on a treadmill. During the complex loading condition of gait, the AM and PL bundles of the ACL are not isometric and have similar functional behavior during the stance phase. The 2 bundles of ACL were maximally elongated throughout the midstance, where they played a major role to resist the anterior tibial translation. Overall, both bundles supplement each other rather than function reciprocally during gait. This information can be useful for further understanding the in vivo function of the ACL bundles and evaluation of the kinematics in ACL grafts after ACL reconstruction during gait.
